





This paper describes a method for the on-line location of partial 
discharges (PD) in power networks based on the 
electromagnetic time reversal (EMTR) theory. PDs are 
localized electrical discharges that partially bridge the 
insulation between conductors and that start in cable insulation 
defects. Since the insulation degradation is often caused by PD, 
PD is regarded as a symptom of insulation degradation and on-
line PD location is considered the most suitable monitoring 
method of network integrity assessment to prevent faults and 
improve network resilience. The proposed method, reversing in 
time the measured PD signals, refocuses them to their source 
allowing the location of PD site. The method uses the 
Transmission Line Matrix modelling approach to solve the 
backward propagation equations. In this paper, the 
effectiveness of the EMTR-based method to locate PDs in 
inhomogeneous power lines, using only one measurement point 
at a line end, is investigated and proved in simulation.  
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1. Introduction 
INSULATION failures in power transmission and 
distribution cable networks range from faults to supply 
interruption and blackouts and can have severe social and 
economic consequences. Statistics indicate that more than 85% 
of equipment failures are related to insulation failure [1]. Thus, 
the adoption of on-line diagnostic methods that can locate 
insulation degradation is an effective solution for condition 
monitoring of networks to improve their reliability and 
resilience. Insulation deterioration is often caused by partial 
discharge (PD) events. A PD is “a localized electrical discharge 
that only partially bridges the insulation between conductors” 
[2] and it starts in discontinuities or defects of the insulation 





deteriorated with age, or by thermal or electrical over-stressing.  
Since PD is a symptom of insulation degradation and widely 
regarded as one of the best ‘early warning’ indicators of cable 
failure [3], on-line PD location is the most suitable monitoring 
method of network integrity assessment and it is a desired 
feature in modern network protection schemes as a tool to 
prevent faults and the interruption of supply, enhancing 
network reliability and electricity security. 
The PD location problem in power networks is a topic widely 
investigated in the literature. Most on-line location methods are 
reflectometry or traveling wave-based techniques [4]-[7]. Time 
of arrival (ToA) methods use multi-end measurement 
techniques based on the principle that a PD event produces 
electromagnetic waves that travel in either direction towards the 
cable ends. The incident wave, and the reflected waves from the 
cable ends, are measured at different points of the line and the 
difference in the times of arrival of these pulses allow one to 
locate the PD source. However, their practical implementation 
is difficult due to the need for synchronization. Moreover, their 
accuracy in locating PDs is influenced by the distortion 
phenomenon that characterize the propagation of PD signals on 
power cables and by the presence of electromagnetic 
interference on networks. Wavelet techniques [8] are adopted 
to overcome some of the shortcomings associated with 
reflectometry method, but these require a considerable amount 
of computational effort. 
EMTR (Electromagnetic Time Reversal) theory has been 
recently used to locate sources of electromagnetic disturbances 
in power systems, and methods to locate lightning strikes, 
lightning-originated flashovers [9] and faults [10] have been 
developed from it. EMTR methods present the following 
advantages [11] with respect to traditional traveling wave-based 
techniques: 1. applicability to inhomogeneous and complex 
networks.; 2. robustness against the presence of noise and a 
limited observation time window; 3. use of a single observation 
point. A new method to locate PDs based on EMTR theory was 
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proposed in [12] where the first results of the design procedure 
have been given and the effectiveness of the method to locate 
PD sources in a homogeneous line has been shown in 
simulation. The method has been designed using a 1D 
Transmission Line Matrix (TLM) model of the signal 
propagation. The TLM technique has been chosen for its 
flexibility, high efficiency, and its numerical stability. In [12] 
the design of the method using two observation points (OPs) is 
described and a proof that the method works also using one OP 
at one end of the network is also given. In this paper, after a 
brief introduction of the proposed EMTR-TLM technique to 
locate PD on power networks, the effectiveness of the method 
to locate PD in non-homogeneous lines using only one OP is 
investigated and demonstrated in simulation.  
2. Electromagnetic Time Reversal theory to 
locate electromagnetic sources   
Electromagnetic time reversal methods to locate the sources 
of electromagnetic disturbances are based on the invariance of 
Maxwell’s equations under time reversal [11]. Mathematically, 
time reversal implies making the substitution t  → −t. 
Considering Maxwell’s equations in a vacuum: 
 
𝛻𝛻 ∙ �𝜀𝜀(𝑟𝑟)𝐸𝐸�⃗ (𝑟𝑟, 𝑡𝑡)� = 𝜌𝜌(𝑟𝑟, 𝑡𝑡)       (1.1) 
𝛻𝛻 ∙ �𝜇𝜇(𝑟𝑟)𝐻𝐻�⃗ (𝑟𝑟, 𝑡𝑡)� = 0 (1.2) 




𝛻𝛻 × 𝐻𝐻�⃗ (𝑟𝑟, 𝑡𝑡) = 𝜀𝜀(𝑟𝑟) 𝜕𝜕𝐸𝐸
�⃗ (𝑟𝑟,𝑡𝑡)
𝜕𝜕𝑡𝑡
+ 𝐽𝐽(𝑟𝑟, 𝑡𝑡) (1.4) 
 
where 𝐸𝐸�⃗  and 𝐻𝐻�⃗  are the electric and magnetic field, ρ the 
charge density, 𝐽𝐽 the electric current density, ε and µ, are 
respectively, the electric permittivity and magnetic 
permeability. Applying the time-reversal transformation, the 
following equations are obtained: 
 
𝛻𝛻 ∙ �𝜀𝜀(𝑟𝑟)𝐸𝐸�⃗ (𝑟𝑟,−𝑡𝑡)� = 𝜌𝜌(𝑟𝑟,−𝑡𝑡) (2.1) 
𝛻𝛻 ∙ �𝜇𝜇(𝑟𝑟) �−𝐻𝐻�⃗ (𝑟𝑟,−𝑡𝑡)�� = 0 (2.2) 




𝛻𝛻 × 𝐻𝐻�⃗ (𝑟𝑟,−𝑡𝑡) = 𝜀𝜀(𝑟𝑟) 𝜕𝜕𝐸𝐸
�⃗ (𝑟𝑟,−𝑡𝑡)
𝜕𝜕−𝑡𝑡
+ �−𝐽𝐽(𝑟𝑟,−𝑡𝑡)� (2.4) 
 
Expressions (2) are identical to (1), except for the magnetic 
field and the current density that have changed sign (see 
Chapter 1 of [11] for a discussion on the necessity of the sign 
change).  
The time reversibility of wave equations and the spatial 
correlation property of the time-reversal theory allow the 
refocusing of the time reversed back-propagated 
electromagnetic waves into the original disturbance location. In 
more detail, when the electromagnetic waves are time reversed 
and back injected into the original system, they refocus back to 
the location of their source, arriving in phase at the location of 
the source [2], as illustrated in Figure 1. The figure shows a 
source that emits electromagnetic waves in free space and three 
sensors that record the wave at three points in space. After time 
reversing the recorded waves and re-emitting them back into 
the free space from just those three points, a maximum value of 
the field can be observed at the location of the source [11]. 
In the following sections, the designed EMTR-based method 
to locate PD in non-homogeneous power lines using only one 
observation point is described.  
3. Electromagnetic Time Reversal method to 
locate Partial Discharge   
The basic steps of the proposed EMTR method to locate PD 
are the following [12]: 
1. recording of the PD-originated signals at one observation 
points (OP) along the line under study. 
2. Simulation of the back-injection of the time-reversed 
collected PD signals for different guessed PD locations 
(GPDLs) using a 1D Transmission Line Matrix (TLM) model 
of the line under study. 
3. Locating the PD source by identifying the GPDL 
characterized by the highest energy concentration. 
The first step of the above described EMTR procedure to 
locate PDs, in practical implementation, is carried out 
experimentally, i.e. the PD-generated signal is measured at the 
OP. Here, to the aim of proving the effectiveness of the method 
in line with inhomogeneous cable sections, the first step of the 








Fig. 1.  Electromagnetic source in free space (a) and the time reversed 





simulation, using a model of the propagation of PD signals in 
the power line under investigation. 
 In the following sections a description of the EMTR-based 
method to locate PD in non-homogeneous lines is given 
3.1 Direct Time simulation 
The Direct Time (DT) simulation is developed using a lossy 
model of the power network. The propagation of a PD signal in 
a power network is described by the telegrapher’s equations 
[13], that evaluate the voltage v(x,t), and current, i(x,t), waves 













+ 𝐺𝐺𝜕𝜕(𝑥𝑥, 𝑡𝑡)  =  0                (3.2) 
 
where L, C, R and G are, respectively, the per unit length series 
inductance, the shunt capacitance, the series resistance, and the 
shunt conductance of the line. In a first approximation, the line 
per-unit-length resistance and conductance are assumed to be 
independent of frequency. 
The TLM method is used to model the PD signal propagation 
on power lines. The TLM method is a differential equation-
based method, operating in the time-domain, that discretizes the 
transmission line, of length L, into a series of N segments or 
nodes, of length Δx, shown in Figure 2.(a). Each LC section of 
the line can be represented by a transmission line with a 
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𝐿𝐿
𝐶𝐶
                                              (4) 




= ∆𝑥𝑥 · √𝐿𝐿𝐶𝐶                                                               (5) 
Connecting the N sections, the TLM equivalent model of the 
line is obtained, shown in Figure 2(b). At each node, the wave 
pulses, Vn(k), are scattered and propagate in the lines, 
generating incident voltages, VLin(k), VRin(k), and reflected 
voltages, VLrn(k), VRrn(k), respectively on the left and on the 
right side of the node n. Replacing the lines to the right and to 
the left of the node by their Thevenin equivalent circuits (shown 
in Figure 2(c)), the voltage Vn(k), and the current, In(k), at time 











                                    (6.1) 
𝐼𝐼𝑛𝑛(𝑘𝑘) =
𝑉𝑉𝑛𝑛(𝑘𝑘) − 2𝑉𝑉𝑅𝑅𝑛𝑛𝑖𝑖 (𝑘𝑘)
𝑍𝑍0 + 𝑅𝑅
                                             (6.2) 
and they are defined by the knowledge of the incident voltages 
at the time k. The incident voltages at the time k+1 are evaluated 
by the knowledge of the node condition at time k. The incident 
voltages at the node n are, in fact, coincident with the reflected 
voltages from the nodes n-1 and n+1 at time k. 
A schematic of the inhomogeneous line under study is shown 
in Figure 3. 
The line is formed of two different cable sections, 
respectively l1 and l2 long, characterized respectively by L1, C1, 
R1, G1 and L2, C2, R2, G2 electrical parameters per unit length, 
and then by the characteristic impedances, Z01 and Z02, and the 
propagation speeds, u1 and u2, of each section evaluated by (4). 
In order to maintain the same time-step Δt throughout the 
simulation, the length, Δx1, Δx2, of the TLM model of the two 
cable sections are given by: 
  
      ∆𝑥𝑥1 = 𝑢𝑢1∆𝑡𝑡      for the cable section l1 long                (7.1) 










Fig. 2.   Transmission line node (a), TLM model (b) and the Thevenin 












The line is connected to the load impedances, Z1 and Z2. 
Under the hypothesis that the line is connected to power 
transformers at both ends, Z1 and Z2 are chosen to be equal to 
100 kΩ, which is a reasonable approximation for the input 
impedance of power transformers at high frequencies. 
The PD event, occurring at a given location along the line, 
generates an impulsive signal that, for the purpose of 
illustration, is represented by a double exponential signal with 
a rise time of 2ns and a pulse length of 10ns [12], shown in 
Figure 4. The PD event occurs inside the insulation between the 
inner conductor and the external shield, ground connected. The 
PD-generated signal, s(x,t), is evaluated at the observation point 
(OP), and it is used to locate the PD source with the EMTR-
based method as described in the following section. 
3.2 TLM EMTR location method  
The telegrapher’s equations for a non-dissipative medium are 
time reversal-invariant equations [11]. It means that voltage and 
current, v(x,t), and i(x,t), and their symmetric values in time, 
v(x,-t), and i(x,-t), are both solutions of the equations. For non-













 = 0                                              (8.2) 
with a propagation speed, u, and a characteristic impedance, Z0, 
of the line given by (4). 
Equations (8) are invariant under time reversal 













 = 0                               (9.2) 
 
The TLM method, described in the previous section, has been 
also used to solve equations (9) and to describe the time reversal 
of the PD signal.  
The PD signal, s(x,t), collected at the OP during the DT 
simulation, for an observation period T, is time reversed as 
follows: 
𝑠𝑠𝑖𝑖(𝑥𝑥, 𝑡𝑡) → 𝑠𝑠𝑖𝑖(𝑥𝑥, 𝑡𝑡′)   with   t’=T – t                       (10) 
and, from the same OP of the line where it was collected, it is 
back injected into the TLM model of the line without losses. 
Then, several Time Reversal (TR) simulations are performed. 
A schematic of the line used for the TR simulations is shown 
in Figure 5. 
In each TR simulation different guessed partial discharge 
locations (GPDL) are considered, in a node of the TLM model 
of the line, and the energy stored in the transversal impedance 
is evaluated. In the TLM GPDL node, the line transverse 
impedance is modified to simulate the new shunt capacitive 
impedance due to the PD event. The well-known three 
capacitors model of PD and the generalized PD model of 
Niemeyer have been used to define and evaluate the GPDL 
impedance [12]. This impedance has been realized using a 
stub[15] capacitor at the node, where the voltage, VGPDL(k), at 















         (11) 
where Zpd is the impedance of the stub capacitor in the Thevenin 
equivalent circuit [12] of the line and Z0 is the characteristic 
impedance of the line section where the PD occurs, i.e. Z0=Z01 
if the PD is in the l1 line section and Z0=Z02 in the l2 section.  
The Energy, En, stored at the GPDL, normalized with 








     𝑤𝑤𝜕𝜕𝑡𝑡ℎ    𝑀𝑀 = 𝑇𝑇/𝛥𝛥𝑡𝑡     (12) 
with 𝑉𝑉𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺_𝑚𝑚(𝑘𝑘) being the maximum voltage of the GPDLs, 
Cpd is the shunt capacitance at the GPDL, M the number of 
samples and Δt the sampling time. The GPDL characterized by 
the maximum energy corresponds to the PD location. This is 
because, the pulses of time reversed PD signal will add up in 
phase at the real PD location during the backward propagation. 
 












4. Results and Discussion  
The method has been tested in a single-phase non-
homogeneous line with the characteristics given in Table 1.  
 The line is formed of two sections of 11-kV Cross-Linked 
Polyethylene (XLPE) cables, with a length, respectively, of l1 
and l2, as shown in Figure 5.  
For the TLM simulation, the time-step, Δt, and space step, 
Δx, have been chosen as follows. PD signals are pulses with a 
frequency content extending to hundreds of MHz. The IEC 
60270 standard gives indications about the wide and narrow-
bandwidth detectors that should be used to perform PD 
measurements. For these detectors, the IEC-recommended 
value for the lower cutoff frequency is in the region of 50-100 
kHz and, for the upper frequency, it is in the high frequency 
region of up to 100 MHz [2].  
The 1D TLM model has to reverse in time the PD signals 
measured in this frequency range. Considering the highest 
frequency of interest fmax=100 MHz, a Δt≤10-8 s must be chosen 
with the values of Δx1 and Δx2 obtained by relation (7). A value 
of Δt=10-9s has been chosen to have a space discretization 
Δx1=0.1675m and Δx2=0.2093m along the line sections, 
allowing to obtain a localization accuracy in the order of 20 cm. 
The recording period, T, to measure the PD signal during the 
DT simulation, has to be defined in order to measure at the OP 
the direct signal, coming from the PD source, and some 
reflections from the other cable end. The amount of the 




𝑍𝑍𝐺𝐺  − 𝑍𝑍0
𝑍𝑍𝐺𝐺  + 𝑍𝑍0
                                                          (13) 
with ZL being the impedance at the cable end. In this case, the 
impedances at the line ends, Z1, Z2 are much greater than the 
characteristic impedance, as shown in Table 1, corresponding 
to a reflection coefficient 𝛤𝛤 ≅ 1.  
To prove the effectiveness of the method to locate PD, a DT 
simulation has been performed considering a PD source located 
at xPD=100m from the left end of the cable, in the first section 
of the line, l1, and the PD-generated signals have been evaluated 
at the OP located at the left end of the cable, as Figure 3 shows. 
Then, the TR simulations have been performed with a GPDL 
every 2m along the line. 
Figure 6 shows the calculated PD signal and the time 
reversed signal. The Figure shows the direct signal, a reflection 
from the right end of the line and two smaller reflections due to 
the discontinuity of the line.  
Figure 7 shows the normalized energy in the GPDLs during 
TR simulations. As Figure 7 shows, the maximum energy is 
obtained at GPDL = xPD=100 m. Then, TR simulations have 







Fig. 6.  PD signal calculated at the OP during the DT simulation with a PD 







Fig. 7.  Normalized energy in several GPDLs in the inhomogeneous line when 





CHARACTERISTIC PARAMETERS OF THE LINE AND OF THE SIMULATIONS 
Parameter Value Unit 
R 0.206·10-3 Ω/m 
L 91.34·10-9 H/m 
C1, C2 0.39·10-9, 0.25·10-9 F/m 
G 1·10-13 S/m 
u1, u2 1.675·108, 2.092·108 m/s 
Z01, Z02 15.3038, 19.114  Ω 
Z1, Z2 100·10+3 Ω 
l1, l2 400, 300 m 
Δt 1·10-9 s 






previous TR simulations, reducing the distance among the 
GPDLs to 0.5 m.  
Figure 8 shows an expanded view in the localization 
identifying the source with an accuracy of 0.5 m. 
Figure 9 show the voltages in three GPDLs. As the figure 
shows, the voltage signal is maximum when the GPDL is 
coincident with the PD location, as expected.  
Finally, Figures 10 and 11 show the normalized energy 
evaluated in GPDLs when the PD is, respectively, 350m and 
650m from the left end of the line. In the second case, shown in 
Figure 11, the PD is in the second section of the line, l2.  
The results prove that the proposed EMTR-based method is 
able to locate source of PDs in inhomogeneous lines. The 
effectiveness and accuracy of the proposed method in real 
power lines is strongly affected by the distortion of PD signals 
during their propagation along the cables, caused above all by 
the skin effect, and by the presence of electromagnetic 
interference (EMI) on the line. A numerical validation of the 
effectiveness of the method considering the PD signal distortion 
has been developed in [16], reproducing in the DT simulation 
the effect of PD distortion in extruded MV power cables. The 
experimental validation of the method is under development in 
real MV networks and its accuracy in the PDs localization in 
the harsh electromagnetic environment of real lines is under 
analysis. Future works include, also, the validation of the 
method in more complex power lines and the evaluation of the 
maximum length of the line where it can be expected the 
method keeps efficient results. With respect to the classical 
reflectometry or traveling wave-based techniques, the proposed 
method has the need to perform several TR simulations to 
localize the PD source and the need to know the RLCG 
characteristic of each line sections. Even given the significant 
number of TR simulations, the method locates PDs with a 
computational time of a few minutes also for line some kms 
long. Moreover, the EMTR-based method presents important 
advantages against the traveling wave-based techniques that 
are: the use of only one observation point, avoiding the 
complexity of synchronisation in the reflectometry multi-end 
measurements methods and the robustness against the presence 
of noise avoiding the considerable amount of computational 
effort of the Wavelets transform (WT) techniques, used in the 
traveling wave-based methods to denoise the measured PD 
signals. A detailed analysis of the experimental validation of the 
presented method will be published later.   
 
 
Fig. 8 Normalized energy in several GPDLs, when the PD source is 100 m 




Fig. 10.  . Normalized energy in several GPDL when PD source is 350 m 




Fig. 11.  Normalized energy in several GPDL when PD source is 650 m from 




Fig. 9.  Voltage at three GPDLs during the TR simulations when PD source 




5. Conclusion  
A new method to locate partial discharges (PDs) in power 
transmission and distribution networks is presented. The basic 
steps of the location procedure based on the electromagnetic 
time reversal (EMTR) theory are described. The Transmission 
Line Matrix (TLM) method is used to solve the propagation 
equations and the 1D TLM modelling procedure to describe the 
propagation in the time reversal domain of the PD signals in 
non-homogeneous power networks is detailed. Then, the 
effectiveness of the method to locate PD in non-homogeneous 
lines is shown and demonstrated in simulation. Finally, a 
discussion about future works is detailed in the final section. 
6. Acknowledgements 
This project has received funding from the European 
Union’s Horizon 2020 Research and Innovation 
Programme under the Marie Skłodowska-Curie grant 
agreement No 838681. 
7. References 
[1] S. Refaat, M. Sham – “A Review of Partial Discharge Detection, 
Diagnosis Techniques in High Voltage Power Cables” - IEEE 
Int. Conf. on Comp. Pow. Elect. and Power Eng., 2018. 
[2] EN 60270 - High-voltage test techniques - Partial discharge 
measurements (IEC 60270:2000) – 2001. 
[3] Z. Du, P. K. Willett, M. S. Mashikian – “Performance Limits of 
PD Location Based on Time-domain Reflectometry”- IEEE 
Trans. on Dielect. and Elect. Insu., Vol. 4, No. 2, April 1997. 
[4] F. Auzanneau, “Wire Troubleshooting and diagnosis: Review 
and perspectives” - Progress in Electromagnetics Research B, 
Vol. 49, 2013. Pgs. 253-279. 
[5] M. S. Mashikian, R. Bansal, R. B. Northrop – “Location and 
Characterization of Partial Discharge sites in Shielded Power 
cables” - IEEE Trans. on Pow. Del., Vol. 5, No.2, April 1990.  
[6] Y. Zhou, Y. Qin, P. Chappell – “Cost-Effective On-Line Partial 
Discharge Measurements for Cables” - IEEE Electrical 
Insulation Mag, Vol. 22, No. 2 Mar-Apr 2006. Pgs.31-38. 
[7] F. P. Mohamed, W. H. Siew, J. J. Soraghan, S. M. Strachan - 
“Partial Discharge Location in Power Cables using a Double 
Ended Method Based on Time Triggering with GPS”- IEEE 
Trans. on Dielec. and Elect. Insul., Vol. 20, No. 6; Dec. 2013. 
[8] H. Zhang, T.R. Blackburn, B.T. Phung, D. Sen - “A Novel 
Wavelet Transform Technique for On-line Partial Discharge 
Measurements Part 1: WT De-noising Algorithm”- IEEE Trans. 
on Dielect. and Elect. Insulation, Vol. 14, No. 1; February 2007.  
[9] G. Lugrin, N. Mora, F. Rachidi, M. Rubinstein, G. Diendorfer, 
"On the Location of Lightning Discharges Using Time Reversal 
of Electromagnetic Fields", IEEE Trans. on EMC, Vol. 56, No. 
1, 2014. 
[10] S.Y. He, Y.Z. Xie, Z.Wang, F.Rachidi, B.Y. Liu, Q Li, X. Kong - 
“Norm Criteria in the Electromagnetic Time Reversal 
Technique for Fault Location in Transmission Lines“- IEEE 
Trans. on EMC, Vol. 60, No. 5, Oct. 2018.  
[11] F. Rachidi, M. Rubinstein, M. Paolone, “Electromagnetic Time 
Reversal – Application to Electromagnetic Compatibility and 
Power System” - John Wiley & Sons Ltd, 2017; pp. 95-97. 
[12] A. Ragusa, H. Sasse, A. Duffy, F. Rachidi, M. Rubinstein – 
“Electromagnetic Time Reversal Method to Locate Partial 
Discharges in Power Networks using 1D TLM modelling” – 
IEEE Letters on Electromagnetic Compatibility Practice and 
Applications, Nov. 2020. 
[13] Ramo, S.; Whinnery, J.R; Van Duzer, T., Microwave Networks. 
In Fields and waves in communication electronics, 3rd ed. John 
Wiley & Sons, Inc., New Jersey, USA, 1994; pp. 213-253. 
[14] Dommel, H., "Digital Computer Solution of Electromagnetic 
Transients in Single and Multiple Networks," IEEE Trans. on 
Power Apparatus and Systems, Vol. PAS-88, No. 4, April 1969. 
[15] C. Christopoulos, The transmission-line modeling method – 
TLM, Institute of Electrical and Electronics Engineers, 1995; 
pp. 51-60. 
[16] A. Ragusa, H. Sasse, A. Duffy, “On-Line Partial Discharge 
Localization in Power Cables Based on Electromagnetic Time 
Reversal Theory - Numerical Validation” – submitted to IEEE 
Trans. on Power Delivery in Feb. 2021. 
 
 
